Nondestructive evaluation (NDE) of aerospace structures using traditional methods is a complex, time-consuming process critical to maintaining mission readiness and flight safety. Limited access to corrosion-prone structure and the restricted applicability of available NDE techniques for the detection of hidden corrosion or other damage often compound the challenge. In this paper we discuss our recent work using ultrasonic Lamb wave tomography to address this pressing NDE technology need. Lamb waves are ultrasonic guided waves, which allow large sections of aircraft structures to be rapidly inspected for structural flaws such as disbonds, corrosion and delaminations. Because the velocity of Lamb waves depends on thickness, for example, the travel times of the fundamental Lamb modes can be converted into a thickness map of the inspection region. However, extracting quantitative information from Lamb wave data has always involved highly trained personnel with a detailed knowledge of mechanical waveguide physics. Our work focuses on tomographic reconstruction to produce quantitative maps that can be easily interpreted by technicians or fed directly into structural integrity and lifetime prediction codes. Laboratory measurements discussed here demonstrate that Lamb wave tomography using a square perimeter array of transducers with algebraic reconstruction tomography is appropriate for detecting flaws in aircraft materials. The speed and fidelity of the reconstruction algorithms as well as practical considerations for person-portable array-based systems are discussed in this paper.
Introduction
Ultrasonic nondestructive evaluation (NDE) of platelike structures is of interest in many areas, including the inspection of military and civilian aircraft. Methods for accurately detecting the presence of structural flaws that compromise airworthiness become increasingly necessary as the worldwide aviation fleet continues to age and as novel material systems are incorporated into primary structural elements. At the same time, there is an increasing demand that inspections become more effective and efficient, which can only be done if the interpretation of NDE sensor data is automated to some degree. Lamb waves are guided ultrasonic waves capable of propagating relatively long distances in platelike structures, providing an efficient means of detecting disbonds, corrosion and delaminations [1, 2] . Lamb waves follow the curvature of the structure and allow detection of subsurface flaws with a single-sided pitchcatch measurement. They are, however, notoriously difficult to interpret, and are generally agreed to be too complicated to be useable by technicians.
If Lamb wave measurements are made for a number of relative transducer positions (projections), then an image of a large region can be reconstructed tomographically to give an easily interpretable quantitative map of the parameter of interest, e.g., thickness loss due to corrosion. Early Lamb wave tomography work by Hutchins et al [3] [4] [5] [6] [7] , Achenbach [8] and Degertekin [9] used a standard parallel-projection geometry with the velocity and/or attenuation of Lamb waves as input for the tomographic reconstructions. McKeon and Hinders [10] [11] [12] [13] [14] [15] implemented this also, and then investigated a 'crosshole' tomographic scheme that has many practical advantages for aircraft NDE, similar to a preliminary pipe inspection study done by Hildebrand et al [16] . Malyarenko and Hinders [17] subsequently compared fan-beam and double-crosshole geometries, and found the latter to be superior. A secondary conclusion of this work is that the iterative reconstruction algorithms from the seismological literature are much better suited to Lamb wave NDE applications than are the convolution-backprojection type of algorithm from the medical imaging literature. Malyarenko et al [18] [19] [20] [21] [22] have recently implemented a curved ray tracing technique to account for scattering or refractive media, which is important for accurately sizing flaws. Key to this work, and to any practical Lamb wave tomography system, is a suite of robust and reliable algorithms that reads in the digitized Lamb waveforms and automatically interprets them. This is never as simple as in bulk wave ultrasonics where gating and peak-detection schemes are usually adequate. With guided waves, much more sophisticated signal processing is required in order to identify the various Lamb wave modes in the signals and then to extract features of interest, e.g. arrival times, from them before passing these quantities to the reconstruction algorithm. Fairly small errors in this 'mode extraction' step usually spoil the reconstruction completely. Also, for a practical NDE system these algorithms must run in real time on portable hardware, and must be able to deal with millions of digitized waveforms per minute. These signal processing algorithms coupled to tomographic reconstruction allow this inverse problem to be solved so that Lamb waves become a viable inspection method for use by technicians. This paper is organized as follows. In section 2 we give an overview of Lamb waves and how they are used for NDE. In section 3 we illustrate the parallel projection and fanbeam techniques. Section 4 explains the double-crosshole scheme and shows selected results. Finally, in section 5 we present side-by-side comparisons of parallel-projection tomography and double-crosshole tomography for composite plate samples, along with some discussion of future directions.
Lamb wave fundamentals
In our laboratory we have assembled ultrasonic apparatus that allow us to perform Lamb wave scans in traditional parallel-projection and fan-beam as well as the various crosshole geometries. Broad-banded contact piezoelectric transducers are used to generate and receive the Lamb waves in a pitch-catch arrangement. Since they are not point-by-point measurements-the Lamb waves interrogate the entire region between the transducers-their use has an inherent advantage for large structures. Useful diagnostic signals can be propagated many tens of inches in aircraft structures so it is possible to rapidly interrogate large areas. This 'structural screening' has been a demonstrated benefit of Lamb waves for over a decade, and puts Lamb wave ultrasonography in the same league as rapid full-field techniques such as thermography and photoelasticity. Our goal is to considerably extend the usefulness of Lamb waves, by adding detailed quantitative measurement capability without sacrificing the rapid large-area capabilities inherent in the method.
Scanning with contact transducers is slow and prone to errors from variations in coupling of the ultrasonic energy in and out of the plate. Neither of these is a concern in the laboratory, but they are a serious drawback in service. We have laid the groundwork that allows arrays of transducers to take large-area snapshots using Lamb waves. Such arrays of transducers can be 'electronically' scanned through all the various combinations that have thus far been implemented in the lab with mechanical scanners. For instance, four stationary linear arrays of transducers in a square perimeter array can be used with the algebraic reconstruction algorithms to scan the entire area within the array's perimeter. This eliminates coupling problems, and takes full advantage of the speed inherent in Lamb wave techniques. The tomographic reconstruction algorithms run in near real time on modern PCs so there appear to be no inherent limits on implementation of this technique in the field.
Our measurements are typically performed at a frequency-thickness product of f d ≈ 2 MHz mm where only the lowest-order symmetric and antisymmetric (S 0 and A 0 ) modes propagate appreciably in many materials. We use standard longitudinal contact transducers excited by a tone burst and then allow the Lamb wave modes to develop as the ultrasonic energy propagates. This is in contrast to other researchers who use angle-block or comb transducers to select particular Lamb wave modes. We find that for measurements outside the laboratory the careful coupling required to select particular modes via Snell's law with angle blocks is not practical, and the requirements for small transducer footprint and omni-directionality rule out comb transducers. Instead, we drive transducers at a high enough frequency that the S 0 mode has sufficient dispersion to give sensitivity to thickness variations, but low enough that all higher-order modes are cut off or negligible. We typically add truncated-cone delay lines to minimize the footprint of the transducer. Figure 1 shows Lamb wave dispersion curves for aluminium, along with a typical Lamb waveform recorded by our system.
For corrosion detection we find it convenient to monitor changes in arrival time of the S 0 signals. Although amplitude measurements are often most sensitive to the presence of flaws, the received signals are strongly affected by the variations in coupling inherent in field measurements with contact transducers as mentioned before. Since tomographic reconstructions require many individual measurements to develop the projection data, we have concentrated our efforts on those measurement schemes which have the most promise for being fully automated.
Parallel projection and fan-beam tomography
Figure 2(a) shows the geometry for parallel-projection tomography. The transducers are scanned along parallel lines with the Lamb waves propagating between them. At each position in the scan a measurement of the Lamb waves' arrival time is recorded. The waves are assumed to travel only in straight paths (rays) as shown. Once the pitch-catch measurements for each ray in an individual orientation have been taken, the sample is rotated by a fixed amount and the measurement is repeated. Projections consisting of seven parallel rays (transducer-pair positions) for four orientations (0 • , 45
• , 90
• and 135
• ) are shown in figure 2(a) although in practice each projection would have about 100 rays and projections would be taken at least every 5
• . The 'ray density' is critical to the quality of the reconstruction. Note that the ray density is uniform for parallel projection tomography within the scanning region. This is an important difference between the parallel projection and crosshole tomography techniques. Having the rays pass through the region of interest from many orientations is also important to the quality of the reconstruction. The rays for parallel projection tomography cover all angles since projections must be evenly spaced over 180
• . This can be a disadvantage for contact scanning because a fairly large ring surrounding the region of interest (shaded area in figure 2(a)) must be free of obstructions due to parallel line-scanning at many angles.
A schematic of the parallel-projection scanner in our laboratory is shown in figure 2(b). At each location of the pitch-catch transducer pair, the phase shift of the S 0 mode is acquired through pulsed-phase-locked-loop (P2L2) circuitry. This instrument compares the phase of its pulsed output signal, which is sent to the transmitting transducer, with that of the amplified and low-pass filtered returned signal from the receiving transducer. A frequency counter is connected to the output of the P2L2, which gives information on the phase difference of the two signals in terms of frequency. The value of this reference frequency can be used to calculate both the time of flight and, because the distance between two transducers is fixed, the integrated velocity of the Lamb waves. In our setup the sample is rotated by a fixed amount between each scan by a computer-controlled rotary table in order to obtain data from the different orientations necessary for tomographic measurements. A detailed description of the fairly standard convolution-backprojection reconstruction algorithm can be found in previous work done by McKeon and Hinders [13] or from the book by Kak and Slaney [23] .
In a parallel-projection tomography measurement, the source-receiver pair has to linearly scan over the length of a projection, then rotate and scan the next projection until a specified number of them is recorded. The method requires either rotation of the sample or rotation of the transmitter-receiver assembly (which is slow and cumbersome). Both are impractical in field conditions with large objects being scanned and with real-time requirements for the (a) (b) (c) data acquisition process. Using transducer arrays does not solve these problems because in this parallel-projection case we cannot completely exclude mechanical motion in the system. Although first-generation medical CAT scanners used the parallel-projection geometry,modern CT scanners use a fan-beam geometry [24] which employs a stationary ring of detectors to dramatically increase the speed of data acquisition. This can also be done for Lamb wave tomography via a ring of transducers surrounding the region of interest which each act as both transmitters and receivers to acquire the necessary pitch-catch criss-cross ray pattern. The reconstruction algorithms are only slightly modified from the parallel projection case, but the varying path length means that the P2L2 no longer works for extracting the Lamb wave arrival times. Moreover, the 'fill factor' associated with the fan-beam geometry is quite poor, because it is only the circular area where the fans all overlap that is free of artifact. Although this technique can be made to work [17] practical issues force one to conclude that fan-beam tomography is not viable for Lamb wave NDE. Figure 3 shows both parallel-projection (a) and fan-beam (b) reconstructions of a flat-bottom-hole sample. In both the flaw is accurately reconstructed in a readily interpretable thickness map, but the fill factor is disappointingly small. We also note that the convolution-backprojection family of algorithms is surprisingly sensitive to the types of measurement noise and imprecision that are inherent in any in-the-field data acquisition.
Double-crosshole tomography
A fast and practical alternative to the parallel-projection scheme is the so-called 'doublecrosshole' scheme. This technique uses the geometries and algorithms developed in the seismological literature where parallel holes are driven into the ground adjacent to the region of interest, and seismic sources and receivers are sequentially placed at many downhole distances to record a criss-cross seismic ray pattern. To improve the ray density, seismologists often place a line of receivers along the surface. In our case, we are able to go a step further and use a four-legged perimeter array of transducers surrounding the region of interest, which we call double-crosshole tomography. This double-crosshole geometry uses the simultaneous iterative reconstruction technique (SIRT) [23] to solve the inverse problem of recovering an object from its projections. What makes this scheme useful for Lamb wave tomography is its iterative nature and great flexibility. It allows practically any scanning geometry and the existence of incomplete data sets. The parallel projection algorithm belongs to the convolution-backprojection family, which requires strictly determined scanning configurations and is very sensitive to incompleteness or noise in the experimental data. For the sake of brevity we describe here our particular scanning system, but a more detailed discussion of the SIRT algorithm we use can be found in Malyarenko and Hinders [17] . Figure 4 demonstrates the geometry of our double-crosshole setup, where the circles about the perimeter are the different transducer locations. An in-the-field system would include a transducer at each position within a square-perimeter ray. In our current laboratory setup, however, only two positions are occupied at a time since we use only one pair of independently scanning transmitter-receiver transducers. Both transducers are attached to linear slider screws and are each moved back and forth by stepper motors controlled by the computer. For each projection the transmitting transducer steps along a particular edge as the receiving transducer steps through all the positions on a different edge. For example, in one of the double-crosshole projections (see figure 4 ) the transmitting transducer steps along the lower edge from left to right incrementing i from 0 to N − 1. Meanwhile, the receiving transducer steps along the upper edge sweeping all N available j -positions for the fixed i . For each relative position the whole waveform is digitized and recorded by stacking it into a data file.
The uniformity of the ray density within the scanning region is directly related to the quality of the resulting reconstruction [12] . The ray density is uniform for the parallel-projection geometry, but not for the crosshole scheme. To best overcome this deficiency we use the rays that connect all the possible pairs of points in a discrete perimeter array. These rays can be split into six sets of projections as shown in figure 5 . The data acquisition equipment and scanning system configuration are described in figure 6 . Each of the different projections can be obtained by moving the pair of linear slider screws to the different positions around the perimeter of the sample.
In figure 7 we present some recent results on the Lamb wave tomography system. All the double-crosshole measurements were made on a 100 × 100 square matrix with a step size between locations of 2 mm. Figure 3 shows a direct comparison of double-crosshole tomography with fan-beam and parallel-projection tomography. The total number of captured waveforms for each sample was N tot = 6 × 10 4 . Our software then extracted the arrival times of the first-arriving modes and transformed them into the velocity domain using the known distance between transducers. In this domain the data are less scattered and we can identify the points with outlying velocities as erroneous and truncate them using empirical rules. The projection data were then transformed back into the time domain and fed to the reconstruction algorithm. The extra truncation step removes artifacts in the final reconstruction and was successful where other techniques, such as smoothing or filtering time domain data, were not [18] .
Composite plate results and discussion
Composite materials introduce additional complexities due to their anisotropic nature which means that 'ray bending' must be accounted for in the tomographic reconstruction algorithm. Figures 8(a) and (b) are parallel-projection and double-crosshole scans of a multi-layer woven graphite epoxy plate with a Cartesian grid pattern of through-thickness Kevlar stitching and with an impact damage flaw in the centre. The sample had a thickness of 1.75 mm. The impact damage was created by hitting the sample repeatedly with a hammer. The actual extent of the flaw cannot be seen visually on either surface, but the reconstructions clearly show changes in the material properties at the location of the defect. It can be seen that the double-crosshole scan slightly oversizes the defect while the parallel-projection scan more accurately sizes it. It is also apparent that the effective scanning region is greatly reduced in the parallel-projection geometry. It is only over small regions (outside the flaw) that the measured velocity is at the background level of 4.05 mm µs −1 . This is due to the reconstruction algorithm and how it solves the inverse problem. We have not investigated techniques to correct this for parallel-projection tomography because the double-crosshole scheme has so many practical advantages. One final thing to note is the peak that exists in the centre of the flaw for the double-crosshole reconstruction. This feature is often seen in through-hole samples due to the inability of the straight-ray SIRT algorithms to account for the finite Lamb wave beam. For flaws that are the same size or smaller than the diameter of the beam, some of the energy will go around the flaw and some will interact with it. This type of complicated effect is why certain artifacts are introduced into the reconstructions, such as the null region in the middle of the flaw. It is also the reason why work is being done to adapt the diffraction tomography done in [19] to strongly anisotropic samples. Some of the distortion we see in composite samples is due to anisotropy, and we have begun to implement corrections for variation of Lamb wave velocity with direction. In cases where we can scan an 'unflawed' plate with the same layup, our tomographic measurement provides the data necessary to correct for anisotropy in reconstructions from unflawed samples. In cases where no pristine sample is available, we favour an approach similar to [25] for calculating the Lamb wave dispersion curves versus angle when the composite plate layup is specified. These results on composite plates are encouraging because they show the applicability of the method to more complicated structures. In addition, they demonstrate that the double-crosshole scans can accurately image flaws despite the irregular ray density in the measurements. Coupled with the advantages over parallel-projection tomography for a practical in-the-field scanner, these attributes are why we are focusing on this scheme.
In addition, differing-geometry applications of this technique are also being explored. Crosshole tomography has shown promise for scanning pipes and cylindrical tanks for defects. Two circumferential rings of transducers can be used in a set of helical pitch-catch measurements along a pipe. The measurements are made by transmitting in turn from each element in the pitch array while listening with each element of the receiver array. The resulting pattern of 'criss-cross' helical Lamb waves is in the geometry that we use for our crossborehole tomography. Of course this pattern is 'wrapped' around the pipe, but this makes little difference to the measurement because guided waves follow the contour of the pipe wall. If we monitor the arrival times of the fastest modes, for example, the resulting tomographic reconstruction is rendered as a quantitative map of thickness loss due to corrosion. The technique can be implemented via either external strap-on belts of transducers or internally via various pig configurations. Alternatively, a single line of transducers along the long axis of a cylindrical tank allows for a helical criss-cross ray pattern and hence tomographic reconstruction. The primary advantage of this helical crosshole geometry is that the 'sweet spot' of the reconstruction-where the ray density is highest and hence the results are most accurate-is on the opposite side of the tank. This can be very important for many real-world applications where inspection access is severely restricted and the region of the structure most of interest is the very location that is impossible to reach directly. It is also important to note that by changing the frequency as the thickness changes to keep their product f d constant, this technique is applicable to a wide range of structures from thin aluminium aircraft skins to thick steel pipes and storage tanks. The minimum number of transducers needed depends on the application of interest. Our reconstructions use a grid size equivalent to the transducer spacing, which is determined by the small transducer footprint due to the truncated-cone delay line, but one rule of thumb is to space the transducers at about the spatial resolution desired in the reconstruction. Although this sounds like a lot of transducers for some applications, it is important to keep in mind that only the perimeter is covered with transducers and not the entire two-dimensional region of interest. We also note that the seismological literature contains a fair amount of work designed to get reconstructions at finer resolution than the grid defined by the transducer spacings.
